Additive cations were deposited from the aqueous solution of the metal chlorides at the conditions shown in Table S1 . All chlorides had purity of >99.0%, except for VCl3 and CoCl2, (Table 1 ) and were purchased from Sigma-Aldrich. We examined the chemical composition at the surface of the as-fabricated LSC and LSC-Me films using X-ray photoelectron spectroscopy. For the LSC whose surfaces were not modified by the metal chloride solution, the excess Sr-rich layer that forms during pulsed laser deposition (PLD) was removed by treating the films in dilute HCl solution1-3. Because the metal chloride solution also etches the Sr-rich surface layer, removing the Sr-segregated layer on LSC by dilute HCl provides a consistent comparison among these samples.
surface coverage with Ti. On the other hand, Ti content that is higher than 20% led to a decrease of the degree of improvement at elevated temperatures. We evaluated and confirmed also that the LSC films that we report here are not contaminated by chloride and thus their bulk or properties should not be affected by chloride that might have been left on the surface during the surface modification procedure. Chloride precursors are widely used in spray pyrolysis to deposit thin oxide films, and the presence and complicated effects of chloride in such oxide films have been reported. 5 However, our approach of making the LSC films does not involve the pyrolysis step on a hot surface. The LSC films are made by PLD, a route that yields highly clean and controllable compositions. Instead, we only process the very top surface layer of the LSC films via a wet-chemical reaction at 25-80 o C. The LSC thin films were dipped into dilute metal chloride solution, and during this process cation exchange/deposition occurs, which results in a thin sub-monolayer coverage by these additive cations. The temperature for this reaction is varied within 25-80°C just to tune the kinetics of the reaction to obtain the targeted additive cation (Hf, Ti, Zr etc.) concentration at LSC surfaces. At these low temperatures, chloride ions cannot diffuse and penetrate into the solid state LSC films. Then we use deionized water to wash off the remaining chloride salt thoroughly from the sample surface. Since the chlorides we use are all soluble in water, this step results in a clean surface free from chlorine.
Afterwards we clean the sample again using isopropanol. We also anneal the sample up to 260 °C, which is meant for removing the remaining water and isopropanol on the sample surfaces before the actual experiment. Therefore, our wet-chemical route to modify LSC surfaces at low temperatures is clearly different from the spray pyrolysis to form the entire oxide film. This difference guarantees that the LSC intrinsic properties were not affected by chlorine contamination.
We prove this point by our XPS measurements, shown in Figure S1 below. We performed XPS measurements on multiple LSC samples after treating their surfaces with metal chloride solutions, searching for the possible existence of Cl remaining at the LSC surfaces. As an example, data for the LSC samples after TiCl4 treatment and after dilute HCl treatment are shown in Figure   S1 . The Cl 2p signal was not found in the expected binding energy range (197 eV~201 eV, according to literature). This proves that the Cl is either not present on the sample surface, or that its concentration is below the detection limit of XPS (~1% from our estimation based on the ionization cross section of Cl 2p). Thus we do not think that the conclusions shown in the paper were affected by possible Cl contamination from the deposition process.
Figure S1 X-ray photoelectron spectra showing the expected Cl 2p region for an as-deposited LSC film, and two LSC films treated with dilute HCl and with TiCl4 solution. The Cl 2p photoemission peak was not observed in any of these three samples shown as representative of all the LSC films whose surfaces were modified by dilute HCl or by metal chloride solutions.
Surface morphology on the LSC and LSC-Me films
Surface morphologies of LSC, and LSC films threated with Co, V, Ti, Nb, Zr, Hf, and Al chloride solutions were investigated by force microscopy (AFM) ( Fig. S2 ). As can be seen from the AFM images (Figures S2 a-k), these surfaces do not show any special or evident morphological features associated with deposited cations within the resolution limits. Some difference can be observed for the LSC-V12 sample which was treated with high VCl3 concentration at 80 °C to be able to deposit the desired amount of V at the surface, and this resulted in partial etching of the surface and increased roughness. Based on these AFM observations, we think that the metal additive is deposited mainly in the form of a thin and smooth wetting layer of metal oxide layer, but not necessarily a complete monolayer. Al15 after the deposition of the metals from the chloride solutions as described in Table S1 . We note that, in theory, the chemistry of Zr and Hf should be very similar. However, it is clear that LSC-Zr15 has been less stable both electrochemically ( Fig. 1 ) and chemically ( Fig. S3 ).
We believe that the following two reasons might be the origin of this non-trivial difference between LSC-Zr and LSC-Hf: 1) One uncertainty is the exact structure of LSC surfaces modified by the less reducible cations. It is possible that LSC-Zr and LSC-Hf possessed different distribution and structures at the surface of LSC, for example, a uniform versus clustered distribution of the deposited cations from the two different solutions onto the surface of LSC. If Hf is deposited very uniformly from the chloride solution while Zr tends to cluster, then this could lead to LSC-Hf having better stability because more of the surface area is affected. We tried to resolve this, but within AFM resolution we cannot see any difference between the Zr-modified or Hf-modified surfaces ( Fig. S2 ). 
Calculation of surface oxygen exchange coefficient
The half cells for electrochemical tests had the LSC or LSC-Me thin films as the working electrode and the pasted porous Ag as the counter electrode. A typical impedance response of the cells with the LSC-Hf16 thin film electrodes, and the equivalent circuit 6,7 used for modeling the EIS data is shown in Figure S4 . The EIS data obtained on the cells were modeled with circuits consisting of two R//CPE (a resistor in parallel to a constant phase element) ( Fig. S4 ) 6, 8 . The larger arc in the lower frequency region is known to reflect the oxygen exchange reaction at the cathode surface 6, 9 .
We obtained the surface polarization resistance, RS, values from the low frequency impedance response, and used those values to calculate the surface oxygen exchange coefficient, k q , using the following formula 10 :
where kB is the Boltzmann constant, T is temperature, e is the electronic charge, and co is the total concentration of lattice oxygen determined according to data from Mizusaki et al. 11 .
The k q values on LSC and LSC-Me (Me concentration 12-16%) thin film cathodes as a function of time at 530 °C in air. 
Analysis of Sr 3d spectra
The analysis of the Sr 3d photoelectron core level peak allows one to quantify the atomic concentration of Sr at the film surface, and to assess/differentiate the Sr binding environments in the perovskite lattice and in non-lattice phase at the surface (Fig. S5) 
Temporal stability of LSC chemical composition during AP-XPS measurements
Here we demonstrate that each data point in Figure 2 is not showing any temporal characteristics.
Rather, we show below that each data point represents the equilibrium state at each condition in our experiments. This can be seen from the Figure S6 below, which shows the photoelectron spectra of La, Sr and Co cations. There are two sets of data shown for each, one is denoted as "0
h" which we take as our initial condition (but in fact this data is taken after 30 min of equilibration upon reaching that temperature or pressure), and another one is denoted as "1.5 h" which is taken 1.5 h after the data shown for "0 h". The complete overlapping of these two data sets (at 0h and at 1.5 h) demonstrate the fact that the results shown in Figure 2 are not temporal effects but rather dominated by the changes in the temperature and oxygen pressure. 
Evolution of the Co L3-edge position at different temperature and oxygen partial pressures
As shown in Figure 3b in main text and also in Figure S7 , a 0.4 eV difference was observed comparing LSC and LSC-Hf15 at the first measurement condition (300 °C, 0.76 Torr). According to Hu et al. 12 , this means the difference in Co oxidation state between these two samples is ~0.4.
However, the Co oxidation state can also be affected by the concentration of Sr in LSC lattice.
Here we argue that this 0.4 eV difference cannot be from the difference in [Sr]lattice. From Figure   2 It was possible to detect the instability of the bare LSC surface chemistry already at as low temperatures as 300 °C, characterized by a significant increase of the non-lattice Sr at the film surface ( Fig. 2b) . This corresponds to the initial phase of LSC surface degradation. So, for suppressing the segregation of non-lattice Sr, this initial phase must be stopped or delayed to much higher temperatures. This is why we mainly compared the signatures of Co L2,3 edge XAS, O K edge XAS and the VB structure at 300 °C in Figs. 3, 4 
Reducibility of the Co cation on LSC and LSC-Me films
To support XAS measurements, we compared reducibility of the LSC and LSC-Me films by measuring the Co 2p photoelectron spectra at 450 and 550 o C in ultra-high vacuum (~10 -9 Torr) ( Fig. S8 ) using a conventional laboratory X-ray source.
At 550 °C, the Co 2p main peak satellite peak at ~ 786 eV indicates the presence of reduced Co 2+ . 13 This satellite peak was clearly seen on LSC but not on LSC-Ti15, LSC-Nb14, LSC-Zr15, LSC-Al15 or LSC-Hf16. The surface modification with V, on the other hand, facilitated the Co reduction as apparent with a clear satellite peak (Fig. 3d ). On LSC-V12, the Co 2+ satellite peak becomes apparent already at 450 °C, while no satellite peak was observed for the bare LSC film at the same temperature. These observations mean that adding the less reducible cations of Ti, Nb, Zr, Al or Hf, made Co in LSC also less reducible (LSC surface being more oxidized), while V enhanced the reducibility of Co on LSC. 
Valence band spectra at the bare and modified LSC surfaces
We next show that the evolution of the valence band (VB) supports also a more oxidized surface when LSC is modified by Hf and Ti, consistent with the Co L2,3-edge XAS above. The VB spectra of LSC, LSC-Ti3, LSC-Ti15, and LSC-Hf16 films at different conditions are shown in Fig   S9. These four samples can be divided into two groups based on the similarity of the VB spectra.
For the LSC and LSC-Ti3, the intense peak located at around 1.5 eV at 300 °C arises from the Co t2g states hybridized with the O 2p states 14, 15 . On the other hand, on LSC-Ti15 and LSC-Hf16, this peak was absent at the same condition. The intensity of this peak is tied to the number of electrons at the Co t2g orbital 15, 16 , and provides information on the Co oxidation state. Therefore, this intense t2g peak on LSC and LSC-Ti3 suggests more t2g electrons and a lower Co oxidation state. The absence of this peak on LSC-Ti15 and LSC-Hf16 indicates that Co is more oxidized on these samples than on LSC, in line with the Co L-edge XAS results. 
O K-edge spectra at the bare and modified LSC surfaces
It is well know that for LSC, there is significant hybridization of the Co 3d and O 2p orbitals due to the covalent characteristics of this material 17 . Therefore, the O K-edge XAS also provides insights into the electronic structure of LSC surfaces. Fig. S10 summarizes the evolution of the O K-edge spectra taken in situ on LSC, LSC-Ti3, LSC-Ti15, and LSC-Hf16 films as a function of measurement conditions. In line with the unchanged valence band structure ( Figs. S9 c, d) , the O K-edge spectra on LSC-Ti15 and LSC-Hf16 remained unaltered throughout the measurements. A sharp pre-edge peak at around 528 eV (shown by the arrows in Fig. S9 ) indicates the existence of O 2p ligand holes 18 . The O 2p ligand hole peak is clearly evident on LSC-Ti15 and LSC-Hf16 surfaces. In contrast, this peak was absent on LSC and LSC-Ti3 at 300°C and pO2 of 0.76 Torr.
The presence of this peak indicates increased p-type doping and a more oxidized Co valence 19 on LSC-Ti15 and LSC-Hf16 compared to that on LSC and LSC-Ti3.
The difference in the O K-edge XAS spectra among the four samples disappears by 550
°C and high pO2 of 0.76 Torr. We attribute this evolution of the O K-edge spectra to the increase of the [Sr]lattice concentration on LSC and LSC-Ti3, using the same reasoning as we had for the evolution of the VB spectra above. 
Bonding Environment of additive cations
The presence as dopants, such as Hf, Zr, Nb or Al, into the Co-site of LSC alters the oxygen vacancy formation energy at LSC surface because the bonding between the added metal cations and oxygen is much stronger than the Co-O bonds, and thus, more difficult to break. The oxygen vacancy formation energy in the binary oxides of Zr, Nb, Ti, Hf, and Al (e.g. TiO2 and HfO2) is 
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higher compared to that in LSC. Therefore, it is expected that the bonding between added metal cations (Ti, Hf, etc.) and oxygen is much stronger than the Co-O bonds, and thus, more difficult to break. It is reasonable to expect that such stronger bonding increase the oxygen vacancy formation energy (and decrease the oxygen vacancy concentration) on the LSC surfaces modified by these cations.
Even though Ti was found to be incorporated into the perovskite lattice at elevated temperatures, the exact composition of the very surface layer of the modified LSC still needs further investigation. We also consider the possibility that a thin layer of the SrTiO3 can be formed at the top surface of LSC. However, it is highly unlikely that there was no intermixing between the added (Ti) and host (Co) cations, especially at elevated temperatures. Therefore, we believe that the most likely Ti 
Discussion on influence of additive cations on surface polarity
We also considered the possible effect of the added cations on the polarity of LSC surface.
As it was shown by Harrison, the polar surface of (100)-terminated (La,Sr)MnO3 (LSM) can be in part contributing to the Sr-enrichment at the surface 21 
Repeatability of electrochemical measurements
Effect of concentration of the less reducible cation at the LSC surface
In our earlier work, we performed a detailed electrochemical study as a function of concentration of surface additives, using specifically Ti as an example: see Fig. S13b below from Ref. 4 . We found in fact a similar "volcano" behavior (see Fig. S13c ) with increasing concentration of Ti at the surface, i.e. there was an optimum concentration of Ti on LSC which yields the most stable LSC surfaces. A low Ti or a too high Ti concentration does not improve much the stability of electrochemical performance. The current paper can shed light into that behavior based on the same explanation (and spectroscopic proof we provide here). As a result, now, the good/stable behavior of LSC-Ti15 compared to the bad/unstable behavior of LSC-Ti3 electrochemically tested in our previous study can be explained also based on the Co oxidation states reported in Figure 3b of the current paper. (Note the LSC-Ti2 and LSC-Ti10 in Ref. 4 corresponds to the same compositions as on LSC-Ti3 and LSC-Ti15, respectively, in this paper when considering the same emission angle in XPS as in this paper). In fact, the reason that we had for choosing on average a 15% of additive cation at the surface in this study was based on our previous finding that LSC-Ti had optimal stability with 15% Ti. Now, the only variable is the oxygen vacancy formation enthalpy (modulated by the surface additives, as indicated in the x-axis of Figure 6 ) while the % is nearly fixed around 15%. 
